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Experience refines synaptic connectivity through
neural activity-dependent regulation of transcription
factors. Although activity-dependent regulation of
transcription factors has been well described, it is
unknown whether synaptic activity and local,
dendritic regulation of the induced transcripts are
necessary for mammalian synaptic plasticity in
response to transcription factor activation. Neuronal
depolarization activates the myocyte enhancer
factor 2 (MEF2) family of transcription factors that
suppresses excitatory synapse number. We report
that activation of metabotropic glutamate receptor
5 (mGluR5) on the dendrites, but not cell soma, of
hippocampal CA1 neurons is required for MEF2-
induced functional and structural synapse elimina-
tion. We present evidence that mGluR5 is necessary
for synapse elimination to stimulate dendritic transla-
tion of the MEF2 target gene Arc/Arg3.1. Activity-
regulated cytoskeletal-associated protein (Arc) is
required for MEF2-induced synapse elimination,
where it plays an acute, cell-autonomous, and post-
synaptic role. This work reveals a role for dendritic
activity in local translation of specific transcripts in
synapse refinement.INTRODUCTION
Sensory experience and learning refine cortical circuits through
the stabilization and elimination of select synaptic connections
(Holtmaat and Svoboda, 2009; Fu and Zuo, 2011). Evidence in-
dicates that experience refines synaptic connectivity through
neural activity-driven stimulation of transcription factors (Greer
and Greenberg, 2008; West and Greenberg, 2011). In general,
synaptic activity and the resulting neuronal depolarization and
Ca2+ influx through N-methyl-D-aspartate receptors (NMDARs)
and voltage-dependent Ca2+ channels activate multiple intracel-Clular signaling and transcription factor pathways. These path-
ways, in turn, initiate genetic programs that refine circuitry
through the regulation of synapse formation, maturation, and
elimination. Although much is known of the mechanisms by
which synaptic activity and Ca2+ influx trigger activation of tran-
scriptional pathways in neurons (West and Greenberg, 2011),
little is known of how specific transcripts, once induced, are
regulated locally near synapses and if local regulation is neces-
sary for transcription factor-mediated control of mammalian
synapses.
The myocyte enhancer factor 2 (MEF2) family of transcription
factors is activated in response to neuronal depolarization or
synaptic activity, and MEF2 activation of transcription results in
a rapid and robust elimination of excitatory synapses onto hippo-
campal and striatal neurons (Flavell et al., 2006; Barbosa et al.,
2008; Pfeiffer et al., 2010; Tian et al., 2010; Tsai et al., 2012).
Conversely, inhibition or deletion of MEF2 isoforms results in
increased synapse number both in vitro and in vivo, an effect
that requires neuronal activity (Barbosa et al., 2008; Flavell
et al., 2006; Pulipparacharuvil et al., 2008; Pfeiffer et al., 2010;
Cole et al., 2012). Importantly, recent studies suggest that
MEF2-dependent synapse elimination is critical for normal
learning and memory and synaptic plasticity associated with
drug abuse (Pulipparacharuvil et al., 2008; Barbosa et al.,
2008; Cole et al., 2012).
Recently, we discovered a requirement for the RNA binding
protein, fragile X mental retardation protein (FMRP), in MEF2-
triggered synapse elimination (Pfeiffer et al., 2010; Tsai et al.,
2012). This finding suggested a mechanism for the increased
dendritic spine density and deficiencies in experience-depen-
dent spine elimination observed with deletion or mutation of
Fmr1 (the gene encoding FMRP) in mice and/or in humans with
Fragile X Syndrome (FXS), a form of mental retardation and
autism (Irwin et al., 2000; Pan et al., 2010). Our results indicated
that FMRP plays an acute, cell-autonomous, and postsynaptic
role in synapse elimination and functions downstream of
MEF2-regulated transcription (Pfeiffer et al., 2010; Tsai et al.,
2012). FMRP is expressed in dendrites where it interacts with
specific mRNAs to regulate their transport and translation in
response to activation of the group 1 (Gp1) metabotropic
glutamate receptors (mGluRs), mGluR1 and mGluR5, and otherell Reports 7, 1589–1600, June 12, 2014 ª2014 The Authors 1589
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Figure 1. mGluR5 Is Necessary for MEF2-Induced Functional and Structural Synapse Elimination and Regulates CA1 Synaptic Transmission
In Vivo
(A) Simultaneous voltage-clamp recordings from biolistically transfected (Trans and T) (with MEF2-VP16) and neighboring, untransfected (Untrans and U) CA1
pyramidal neurons in organotypic hippocampal slice cultures treated overnight (O/N) with vehicle or MPEP (10 mM) +LY (100 mM) (n = 11–22 cell pairs).
Representative mEPSCs are shown to the right. Scale bar, 10 pA/500 ms. Freq, frequency.
(B) Representative images of secondary apical dendrites from live CA1 pyramidal neurons biolistically transfected with pA1-GFP with or without MEF2-VP16
from vehicle (Veh; control) andMPEP+LY-treated slice cultures. Scale bar, 10 mm.Group data of spine density (mean ± SEM) in each condition are plotted at right
(n = 13–15 cells/group).
(C) Synaptic function of CA1 neurons virally transfected with MEF2-VP16-ERtm and neighboring, untransfected neurons in slice cultures treated for 24 hr with
4OHT, and then O/N with 4OHT and either vehicle or MPEP+ LY (n = 9–10 cell pairs).
(D) Synaptic function of CA1 neurons virally transfected with MEF2-VP16-ERtm and neighboring, untransfected neurons treated O/N with 4OHT and vehicle,
MPEP, or LY (n = 14–26 cell pairs).
(E) Synaptic function measurements from CA1 neurons biolistically transfected with MEF2-VP16-ERtm and neighboring, untransfected neurons from slice cul-
tures of WT or mGluR5 KO littermates treated O/N with 4OHT (n = 7–13 cell pairs).
(F) Synaptic function of CA1 neurons virally transfected with MEF2-VP16-ERtm and neighboring, untransfected neurons in slice cultures treated O/N with 4OHT
and either vehicle or rapamycin (20 nM) (n = 8–20 cell pairs).
(legend continued on next page)
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receptor signaling pathways (Dictenberg et al., 2008; Bassell and
Warren, 2008; Bhakar et al., 2012). Based on the requirement for
FMRP, we hypothesized that MEF2-generated transcripts
necessary for synapse elimination are transported to dendrites
where their translation may be regulated by synaptic activity
and, in particular, by Gp1 mGluRs.
To explore this possibility, we investigated the role of
activity-regulated cytoskeletal-associated protein (Arc)/Arg3.1,
an activity- and MEF2-dependent immediate early gene and
FMRP target mRNA, in synapse elimination (Inoue et al., 2010;
Shepherd and Bear, 2011). Upon induction, ArcmRNA is known
to be rapidly transported to dendrites where it is translated in
response to pharmacological activation of Gp1 mGluRs (Stew-
ard et al., 1998; Park et al., 2008; Waung et al., 2008). Arc
functions to weaken synaptic transmission by stimulating endo-
cytosis of the postsynaptic a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) subtype of ionotropic glutamate
receptors (Chowdhury et al., 2006) and is required for acute
forms of synaptic weakening, such as long-term synaptic
depression (LTD) (Park et al., 2008; Waung et al., 2008; Jakkam-
setti et al., 2013), as well as homeostatic weakening of AMPA
receptor (AMPAR)-mediated synaptic currents in response to
chronic increases in network activity (Shepherd et al., 2006;
Shepherd and Bear, 2011). Very recent work revealed that Arc
is necessary for the developmental pruning of climbing fiber
(CF) axons onto cerebellar Purkinje neurons (Mikuni et al.,
2013). The role of Arc in synapse elimination in cortical neurons
and how theArc transcript is regulated to promote synapse elim-
ination are unknown.
Here, we show that dendritic activation of mGluR5 mediates
synapse elimination by promoting dendritic translational activa-
tion of MEF2-induced Arc mRNA. Arc is necessary, but not
sufficient, for functional and structural synapse elimination, sug-
gesting that other MEF2-generated transcripts function together
with Arc to eliminate synapses. These findings support a model
whereby the activity of glutamatergic synapses controls the local
dendritic translation of MEF2-generated transcripts, which act to
increase the protein concentration near active synapses.
RESULTS
mGluR5 Activity Is Required for MEF2-Induced
Functional and Structural Synapse Elimination
To test the role of local synaptic activity in synapse elimination
downstream of MEF2 transcriptional activation, we used a
constitutively active form of MEF2, consisting of the MADS/
MEF2DNA binding domain fused to a constitutive transcriptional
activator VP16 (MEF2-VP16) (Flavell et al., 2006; Pfeiffer et al.,
2010). The use of MEF2-VP16 may allow robust activation of
MEF2-dependent transcription in the presence of excitatory
synaptic receptor antagonists. To determine the feasibility of
this strategy, we tested antagonists of Gp1 mGluRs (mGluR5,
10 mM 2-methyl-6-(phenylethynyl)pyridine [MPEP], and mGluR1,(G) Synaptic function measurements from AAV-Cre-GFP-transfected and neighb
from WT or mGluR5fl/fl mice (n = 15–21 cell pairs).
Group electrophysiological data are plotted as percentage of the untransfected
representative evoked EPSCs (10–15 traces; scale bar, 50 pA/10 ms) are shown
C100 mM LY367385 [LY]) or NMDARs (100 mM DL-2-amino-5-
phosphonopentanoic acid [DL-AP5]) in MEF2-VP16-induced
expression of a transcriptional reporter (MEF2 response element
[MRE]-GFP) in CA1 neurons from organotypic hippocampal slice
cultures. Twenty minutes after antagonist or vehicle application,
neurons were biolistically transfected with MRE-GFP, the trans-
fection marker mCherry, with or without MEF2-VP16. After
16–30 hr, percent-positive MRE-GFP neurons and MRE-GFP in-
tensity were determined in live cultures using confocal micro-
scopy. Blockade of NMDARs, but not Gp1 mGluRs, reduced
MEF2-VP16-induced MRE-GFP expression (Figures S1A and
S1B), suggesting that Gp1 mGluR blockade does not hinder
MEF2-induced transcription.
We next determined if Gp1 mGluR blockade affected MEF2-
induced elimination of functional synapses. Using the same
protocol and preparation, excitatory synaptic function was
assessed in transfected (MEF2-VP16 and MRE-GFP+) neurons
in comparison to neighboring, untransfected neurons using
dual, whole-cell patch-clamp recordings. In vehicle-treated cul-
tures, evoked AMPAR-mediated excitatory postsynaptic cur-
rents (EPSCs) and miniature EPSC (mEPSC) frequency were
decreased in MEF2-activated neurons relative to untransfected
neurons (33% and 36%, respectively; Figure 1A) (Pfeiffer
et al., 2010). In the presence of Gp1 mGluR antagonists (MPEP
plus LY), MEF2 activation failed to suppress evoked EPSC and
mEPSC frequency (+6% and +4% of untransfected, respec-
tively, Figure 1A). MEF2 activation did not affect paired-pulse
facilitation (PPF) of evoked EPSCs, an indirect measure of
presynaptic release probability, or mEPSC amplitude in either
vehicle or MPEP plus LY-treated cultures (Table S1). MPEP
plus LY had no effect on evoked EPSCs or mEPSCs in untrans-
fected neurons. The MEF2-induced changes in synaptic trans-
mission are consistent with a functional synapse elimination,
and our results indicate that Gp1 mGluRs are necessary for
this effect and function downstream of transcriptional activation.
In support of a synapse elimination mechanism, MEF2 activa-
tion results in a decrease in dendritic spine density, the structural
correlate of excitatory synapses (Flavell et al., 2006; Pfeiffer
et al., 2010). To determine if Gp1 mGluRs are required for
MEF2-induced spine elimination, we imaged dendritic spines
in living neurons transfected with pA1-GFP alone (to visualize
spines) or together with MEF2-VP16 in cultures treated with
vehicle or Gp1mGluR antagonists. In agreement with our synap-
tic function measurements, MEF2-VP16 decreased dendritic
spine density, which was blocked by Gp1 mGluR antagonists
(Figure 1B). The spine density of neurons expressing pA1-GFP
alone was unaffected by Gp1 mGluR blockade. Taken together,
these data indicate that Gp1 mGluR activation is necessary for
MEF2-induced functional and structural synapse elimination.
To determine whether Gp1 mGluRs are required for the main-
tenance of synapse elimination, we infected organotypic hippo-
campal slice cultures with lentivirus expressing a tamoxifen-
inducible MEF2-VP16 (MEF2-VP16-ERtm) and internal ribosomaloring, untransfected CA1 pyramidal neurons in acute hippocampal brain slices
neuron in a cell pair (mean ± SEM). Raw values are in Table S1. Averaged,
as insets. *p < 0.05; **p < 0.01.
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entry site-driven GFP, as described (Flavell et al., 2008; Pfeiffer
et al., 2010; Tsai et al., 2012). Tamoxifen treatment (10 mM of
4-hydroxytamoxifen [4OHT] for 16–30 hr) of MEF2-VP16-ERtm-
expressing neurons triggers nuclear translocation of MEF2-
VP16-ERtm, transcription of MEF2 target genes, and synapse
elimination (Flavell et al., 2006; Pfeiffer et al., 2010; Tsai et al.,
2012) (Figures 1C and S1C; Tables S1 and S3). Four to 6 days
postinfection, cultures were treated overnight with 4OHT to
activate MEF2, followed by a second overnight treatment with
Gp1 mGluR inhibitors (MPEP plus LY) and 4OHT. MPEP plus
LY treatment after MEF2 activation did not block MEF2-induced
decreases in evoked EPSCs or mEPSC frequency (Figure 1C), in
contrast to MPEP plus LY application prior to and during MEF2
activation (Figure 1A), thus implicating Gp1 mGluR activity in
the induction, but not maintenance, of MEF2-induced synapse
elimination.
To delineate if a specific Gp1 mGluR (mGluR1 or mGluR5) is
required for MEF2-induced synapse elimination, slice cultures
were treated with either MPEP or LY prior to MEF2 activation.
Slice cultures were infected with a lentivirus-driven MEF2-
VP16-ERtm. Pretreatment of slice cultures with MPEP, but not
LY, immediately prior to and during 4OHT treatment prevented
MEF2-induced decreases in evoked EPSC amplitude and
mEPSC frequency (Figure 1D; Table S1). In a separate set of
experiments, we observed that a distinct mGluR5 antagonist,
3-((2-methyl-4-thiazolyl)ethynyl)pyridine (MTEP) (Cosford et al.,
2003) (10 mM; Figure S1D; Table S3), blocked MEF2-induced
suppression of evoked EPSCs and mEPSC frequency. Similarly,
MEF2 activation failed to suppress evoked EPSC amplitudes
or mEPSC frequency in slice cultures prepared from mGluR5
knockout (KO) mice (Lu et al., 1997), in contrast to cultures
from wild-type (WT) littermates (Figure 1E).
Our results indicate that mGluR5 activity promotes synapse
elimination through a process downstream of MEF2-driven tran-
scription; we hypothesized that this process may involve trans-
lational activation of MEF2-induced mRNAs. mGluR5 activates
translation through at least two major signaling pathways: the
phosphatidylinositol 3-kinase and mammalian target of rapamy-
cin complex 1 (mTORC1), and extracellular-regulated kinase
(ERK) pathways (Hou and Klann, 2004; Waung and Huber,
2009). We first tested the effects of inhibitors of mTORC1
(20 nM rapamycin) or ERK activation (20 mM U0126) on expres-
sion of the MRE-GFP transcriptional reporter in MEF2-VP16-
transfected CA1 neurons in slice cultures (Figures S1E and
S1F). Inhibition of ERK activation, but not mTORC1, reduced
MEF2-VP16-induced MRE-GFP expression. Therefore, we
focused on testing the role of mTORC1 in synapse elimination.
MEF2-VP16-ERtm-infected slice cultures were treated with rapa-
mycin (20 nM), prior to 4OHT application. In contrast to vehicle-
treated sister cultures, MEF2 activation failed to reduce evoked
EPSCs or mEPSC frequency in rapamycin (Figure 1F; Table S1).
These results suggest a role for mTORC1 in MEF2-induced syn-
apse elimination downstream of transcriptional activation.
mGluR5 Suppresses Excitatory Synaptic Function in
CA1 Neurons In Vivo
Our data indicate that mGluR5 suppresses synapse number in
response to constitutively active MEF2. To determine if mGluR51592 Cell Reports 7, 1589–1600, June 12, 2014 ª2014 The Authorssuppresses excitatory synaptic function in CA1 neurons under
more physiological conditions, without MEF2 overexpression,
we deleted mGluR5 in vivo in individual developing CA1 neurons
by injecting adeno-associated virus (AAV)-Cre-GFP intracere-
broventricularly into mGluR5-floxed (mGluR5fl/fl) (Xu et al.,
2009) or WT pups around embryonic day 15. At postnatal day
14 (P14)–P20, we prepared acute hippocampal slices and
performed dual recordings from Cre-GFP+ neurons and neigh-
boring untransfected cells. Ten days of AAV-Cre-GFP expres-
sion is sufficient to knock down mGluR5 levels by 90% based
on immunostaining (data not shown). Cre-GFP+ neurons in
mGluR5fl/fl animals had increased evoked EPSCs (+39%) relative
to untransfected neurons, but not PPF or mEPSC amplitude or
frequency (Figure 1G). Synaptic transmission was unchanged
in Cre-GFP+ neurons in WT mice. These data are consistent
with mGluR5 suppression of excitatory synapse number; albeit,
we did not observe changes in mEPSC frequency. mGluR5 may
suppress synapse function selectively at Schaffer collateral-CA1
synapses and not other input pathways that are intact in the
acute hippocampal slice, such as from the entorhinal cortex.
Dendritic mGluR5 Is Required for MEF2-Induced
Synapse Elimination
mGluR5 activation stimulates translation of mRNAs locally in
dendrites (Job and Eberwine, 2001; Waung et al., 2008). We
hypothesized that dendritic mGluR5 activity was required for
MEF2-triggered synapse elimination to promote dendritic trans-
lation of MEF2-induced transcripts. To test this hypothesis, we
prepared dissociated hippocampal cultures in microfluidic
chambers that allow pharmacological blockade of mGluR5
selectively on neuronal soma or dendrites prior to and during
MEF2 activation (Figures 2A and 2B) (Taylor et al., 2010). As pre-
viously shown by Taylor et al. (2010), dendrites and axons grew
into the perfusion chamber, or ‘‘dendritic’’ compartment, where
they formed synapses, and solutions applied to only the ‘‘den-
dritic’’ or soma compartments overnight did notmix (Figure S2A).
Neurons cultured in the microfluidic chambers were infected
with lentivirus expressing MEF2-VP16-ERtm and GFP at 10–
12 days in vitro (DIV). Five days after infection, the soma
compartment was treated overnight with vehicle (ethanol
[EtOH]) or 4OHT, whereas the dendrite-containing perfusion
channel received vehicle (double-distilled water [ddH2O]) or
MPEP. The dendritic compartments were then stained for GFP
(transfection marker) and the pre- and postsynaptic markers
Synapsin 1 and PSD-95, respectively. MEF2 activation by
4OHT in the soma compartment induced a decrease in PSD-
95/Synapsin 1 coclusters and PSD-95 puncta number in the
dendritic compartment in the absence of MPEP (Figures 2C
and S2B). MPEP application to the dendritic compartment
blocked MEF2-induced decreases in coclusters and PSD-95
puncta. In contrast, MPEP in the soma compartment did not
block MEF2-induced decreases in coclusters or PSD-95 puncta
measured in the dendritic compartment (Figures 2D and S2C).
MPEP application to the soma or dendrites in the absence of
MEF2 activation had no effect on coclusters or PSD-95 puncta
(Figures 2C and 2D). Synapsin 1 puncta were unchanged in all
conditions (Figures S2C and S2D). These results implicate den-
dritic mGluR5 activity in MEF2-triggered synapse elimination.
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Figure 2. Dendritic mGluR5 Activity Is Required for MEF2-Induced
Synapse Elimination
(A) Schematic of compartmentalized microfluidic device, which allows selec-
tive perfusion of cell somas or dendrites (Taylor et al., 2010).
(B) Representative image of hippocampal neuron culture grown in microfluidic
device. Neurons were infected with lentivirus expressing GFP and MEF2-
VP16-ERtm, then immunostained for GFP at 5–7 days posttransfection. Scale
bar, 10 mm.
(C) Representative images of perfusion chamber dendrites from dissociated
CA1 neurons virally transfected with lentivirus expressing GFP and MEF2-
VP16-ERtm and stained for GFP, PSD-95, and Synapsin 1 following an over-
night application of MPEP or vehicle to the perfusion channel (i.e., dendrites).
The cell body compartment was simultaneously treated with vehicle or 4OHT
to induce nuclear localization of MEF2-VP16-ERtm (n = 7microfluidic cultures).
(D) Same as (C), except that MPEP was applied to the cell body compartment
(n = 7 microfluidic cultures).
All data are shown as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.Arc/Arg3.1 Is Necessary for MEF2-Induced Synapse
Elimination
We hypothesized that mGluR5 activity promotes dendritic trans-
lation of aMEF2-generated transcript that leads to synapse elim-
ination. A candidate transcript that may meet these criteria is theCMEF2 target gene and dendritic mRNA, Arc/Arg3.1 (Flavell et al.,
2006; Kawashima et al., 2009; Steward et al., 1998). To test this
hypothesis, we determined (1) if Arc is necessary and sufficient
for MEF2-induced synapse elimination, and (2) if mGluR5 regu-
lates dendritic Arc translation in response to MEF2 induction.
To determine if Arc is necessary for MEF2-induced synapse
elimination, slice cultures were prepared from Arc KO mice
(Wang et al., 2006), infected with MEF2-VP16-ERtm lentivirus
and treated with 4OHT to induce MEF2-driven transcription.
MEF2 activation in WT littermates resulted in a functional
synapse elimination, measured as decreased evoked EPSCs
(44%) and mEPSC frequency (42%; Figure 3A; Table S2).
In contrast, active MEF2 failed to suppress synaptic function in
Arc KO cultures (EPSC, +14%; mEPSC frequency, +21%;
Figure 3A; Table S2). Similar to previous data from acute hippo-
campal slices of Arc KO mice (Plath et al., 2006), mEPSCs were
unaffected in untransfected Arc KO neurons. These results indi-
cate that Arc is necessary for MEF2-induced functional synapse
elimination.
To evaluate if Arc is necessary for MEF2-induced elimination
of dendritic spines, we biolistically transfected CA1 neurons of
WT and Arc KO slice cultures with pA1-GFP with or without
MEF2-VP16 for 24–30 hr. MEF2-VP16 activation induced a
robust decrease in dendritic spine density in WT mice (44%),
but not in Arc KO littermates (+3%; Figure 3B). Similar to previ-
ous results in the hippocampus in vivo, we observed that spine
density in GFP-only transfected neurons was not different
between WT and Arc KO littermates (Plath et al., 2006; but see
Peebles et al., 2010). These results indicate that Arc is necessary
for the structural synapse elimination in response to MEF2
activation.
To determine if MEF2-induced transcription was normal in Arc
KO neurons, dissociated hippocampal cultures from WT or Arc
KO littermates were infected with MEF2-VP16-ERtm-expressing
lentivirus, and we quantified 4OHT induction of the MEF2-
dependent transcript, Nurr77, using real-time RT-quantitative
PCR (RT-qPCR) (Flavell et al., 2008; Pfeiffer et al., 2010).
Nurr77was induced to a similar extent inWT andArcKOcultures
(Figure S3A), indicating that the ability of MEF2 to activate tran-
scription, in general, is unaffected in the Arc KO mouse. This
result also supports a role for Arc in synapse elimination down-
stream of MEF2 transcription.
Arc promotes AMPAR endocytosis and weakens synaptic
transmission (Chowdhury et al., 2006; Park et al., 2008; Shepherd
et al., 2006; Waung et al., 2008), suggesting that Arc overexpres-
sion may be sufficient to initiate synapse elimination. To test this
idea, we overexpressed Arc in WT neurons and examined excit-
atory synapse function and structure. As previously observed in
rat hippocampal slicecultures (Rial Verdeet al., 2006), Arcoverex-
pression resulted in a small, but significant, decrease (17%) in
evoked EPSCs (Figure 3C). However, we observed no effect of
ArcoverexpressiononmEPSCamplitudeor frequency (Figure3C;
Table S2) or spine density (Figure 3D), indicating that Arc overex-
pression is not sufficient to recapitulate the functional and struc-
tural synapse elimination observed with MEF2 activation.
To determine if Arc has an acute, as opposed to a develop-
mental, role in MEF2-triggered synapse elimination, we attemp-
ted to rescue synapse elimination in Arc KO neurons by acuteell Reports 7, 1589–1600, June 12, 2014 ª2014 The Authors 1593
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Figure 3. Arc/Arg3.1 Is Necessary but Not Sufficient for MEF2-Induced Functional and Structural Synapse Elimination
(A) Synaptic function measurements from CA1 neurons virally transfected (T) with MEF2-VP16-ERtm and neighboring, untransfected (U) neurons in WT or Arc KO
littermate slice cultures treated overnight with 4OHT (n = 15 cell pairs/group).
(B) Representative images of live CA1 pyramidal neuron dendrites from slice cultures prepared from WT or Arc KO littermates. Cultures were biolistically
transfected with pA1-GFP and MRE-mCherry with or without MEF2-VP16 (n = 15–24 cells/group). Scale bar, 10 mm.
(C) Synaptic function of CA1 neurons biolistically transfected for 24–48 hr with pcDNA3-Arc and pA1-GFP compared to neighboring, untransfected neurons inWT
slice cultures (n = 26–30 cell pairs).
(D) Representative images of dendrites from living CA1 pyramidal neurons in slice cultures biolistically transfected for 24–48 hr with pA1-GFP together with the
pcDNA3 vector (control) or pcDNA3-Arc (n = 32 cells/group). Scale bar, 10 mm.
(E) mEPSC measurements from Arc KO CA1 neurons biolistically transfected for 24–30 hr with pcDNA3-Arc, MRE-mCherry, and pA1-GFP (transfection marker)
with or without MEF2-VP16 and compared to neighboring, untransfected Arc KO neurons in slice cultures (n = 19–23 cell pairs).
(F) Representative images of dendrites from live CA1 pyramidal neurons in Arc KO slice cultures that were biolistically transfected for 24–30 hr with pcDNA3
vector (control), pcDNA3-Arc, or pcDNA3-Arc and MEF2-VP16, in addition to MRE-mCherry and pA1-GFP (n = 22–29 cells/group). Scale bar, 10 mm.
Electrophysiological group data are as in Figure 1; raw data are in Table S2. Representative mEPSC traces are shown to the right in (A) and (C); scale bar,
10 pA/500 ms. All data are shown as mean ± SEM. *p < 0.05; **p < 0.01, ****p < 0.0001.coexpression of Arc and MEF2-VP16. Because Arc overexpres-
sion decreased evoked EPSCs (Figure 3C), this could confound
the interpretation of a rescue result with Arc plus MEF2-VP16.1594 Cell Reports 7, 1589–1600, June 12, 2014 ª2014 The AuthorsTherefore, we assayed the ability of Arc to rescueMEF2-induced
decreases in mEPSCs and spines in Arc KO neurons. As
observed in WT cultures, expression of Arc alone in Arc KO
neurons (without MEF2-VP16) did not affect mEPSC amplitude
or frequency or spine density (Figures 3E and 3F). However,
Arc coexpressed with MEF2-VP16 rescued the MEF2-induced
decrease in mEPSC frequency (39%) and spine density
(19%, Figures 3E and 3F) inArcKOneurons. These results indi-
cate that acute, postsynaptic, and cell-autonomous expression
of Arc is required for MEF2-induced synapse elimination, and
Arc overexpression alone is not sufficient to cause synapse
elimination.
Dendritic mGluR5 Activity Is Required for MEF2-Driven
Dendritic Arc Expression
Arc mRNA is expressed in dendrites, and we hypothesized that
dendritic mGluR5 activity is necessary for synapse elimination to
promote translation of MEF2-induced Arc levels in dendrites. As
a first test of this hypothesis, we determined if mGluR5 was
required for MEF2-induced Arc transcription. In dissociated hip-
pocampal cultures, MEF2-VP16-ERtm plus 4OHT increased Arc
and Nurr77mRNA levels as measured by RT-qPCR and was un-
affected by MPEP (Figure S4A). MEF2 activation also increased
Arc levels in dendrites measured using immunofluorescence
(+39%, normalized to a dendritic markerMAP2; Figure 4A), an in-
crease that was blocked by MPEP. Similar to MPEP, inhibition of
the mTORC1 translational control pathway by rapamycin had no
effect on MEF2-induced Arc mRNA levels (Figures 1F and S4B)
but blocked increases in dendritic Arc (Figure S4C). MPEP or
rapamycin treatment alone did not alter basal dendritic Arc
levels. Interestingly, MEF2 activation did not increase Arc immu-
nofluorescence in the cell soma (Figures 4A and S4C) or total Arc
asmeasured bywestern blot (Figure S4D). These results suggest
that low levels of Arc are preferentially translated in dendrites in
response to MEF2 activation (Waung et al., 2008). In support of
a role for dendritic Arc translation, MEF2 activation increased
ArcmRNA inMAP2-positive dendrites of dissociated hippocam-
pal neurons as detected by fluorescence in situ hybridization
(FISH; Figure 4B) (Dictenberg et al., 2008).
To test the role of dendritic mGluR5 activity in MEF2-induced
dendritic Arc levels, we repeated experiments in dissociated hip-
pocampal neuron cultures grown in microfluidic chambers.
Application of 4OHT to the somal compartment to activate
MEF2 increased dendritic Arc (16%), an effect that was
blocked when MPEP was selectively applied to the dendritic
compartment (Figure 4C). In contrast, MPEP application to the
somal compartment did not block MEF2-induced increases in
dendritic Arc (Figure 4D).MPEP application alone to the dendritic
or somal compartments had no effect on basal dendritic Arc (Fig-
ures 4C and 4D). These results suggest that one role for dendritic
mGluR5 activity in MEF2-induced synapse elimination is to stim-
ulate Arc translation in dendrites. Alternatively, dendritic mGluR5
activity may be necessary for transport of Arc mRNA into den-
drites. To test this possibility, we selectively applied MPEP to
the dendritic or somal compartment of MEF2-VP16-ERtm-
infected neurons with or without somal 4OHT treatment and per-
formed RT-qPCR for Arc and 18S rRNA (normalizing factor) in
the dendritic compartment. Dendritic Arc mRNA significantly
increased in MEF2-activated cultures in the presence or
absence of dendritic MPEP (Figure 4E). Together, our results
suggest a model where dendritic mGluR5 activity functions inCMEF2-induced synapse elimination to promote translation of
MEF2-generated transcripts such as Arc in dendrites.
DISCUSSION
Here, we demonstrate a role for dendritic mGluR5 activity in the
elimination of excitatory synapses triggered by activation of the
MEF2 transcription factor. Our results show that one function
of mGluR5 in synapse elimination is to locally translate MEF2-
inducedArcmRNA in dendrites. In further support of this conclu-
sion, acute, cell-autonomous, and postsynaptic expression of
Arc is necessary for MEF2-induced functional and structural
synapse elimination. Importantly, these findings demonstrate a
requirement for dendritic synaptic activity in synapse refinement
that occurs in response to transcription factor activation. Taken
together with previous work, our data suggest a two-stage,
two-compartment model for activity-dependent transcriptional
control of synapse function and number (Figure S4E). Synapse
elimination in a neuron is initiated by neuronal depolarization
and Ca2+ influx in the cell body through L-type voltage-depen-
dent Ca2+ channels, which stimulates MEF2 transcriptional ac-
tivity in the nucleus and generation of specific mRNAs (Flavell
et al., 2006; West and Greenberg, 2011). Once induced, some
mRNAs, such as Arc, are transported to dendrites where they
are locally translated in response to synaptic mGluR5 activity.
Translational regulation of MEF2-induced transcripts by den-
dritic mGluR5 activity may function to localize the protein
product near affected synapses and provide a way for MEF2
to affect select synapses depending on their level of glutamater-
gic activation.
Postsynaptic Arc/Arg3.1, a MEF2-Induced mRNA, Is
Necessary but Not Sufficient for Synapse Elimination
MEF2 activation failed to suppress synapse number in CA1 neu-
rons from Arc KO, and acute coexpression of Arc in individual
postsynaptic Arc KO neurons rescued MEF2-induced functional
and structural synapse elimination. These results indicate that
Arc plays an acute, cell-autonomous, and postsynaptic role in
MEF2-induced synapse elimination. Arc may initiate an early
process of synapse elimination by triggering the endocytosis of
postsynaptic AMPARs because Arc interacts with components
of the endocytic machinery for postsynaptic AMPARs (Chowd-
hury et al., 2006). Studies in dissociated cortical neurons or slice
cultures using Arc overexpression, genetic deletion, or knock-
down of Arc find that Arc stimulates endocytosis of AMPAR sub-
units, decreases GluA1 transcription and surface expression of
AMPARs at synapses, and suppresses synaptic transmission
but does not reduce spine density (Rial Verde et al., 2006; Shep-
herd et al., 2006; Waung et al., 2008; Peebles et al., 2010; Korb
et al., 2013). Consistent with these studies, acute overexpres-
sion of the Arc cDNA in WT CA1 neurons caused a decrease in
evoked synaptic transmission. However, Arc expression alone
did not affect mEPSCs or spine density in either WT or Arc KO
neurons but rescued MEF2-induced synapse elimination in Arc
KO neurons. The Arc-coding region is sufficient to confer den-
dritic targeting of Arc mRNA (Gao et al., 2008), and therefore,
the mRNA expressed from the Arc cDNA should normally traffic
to dendrites. These results suggest that Arc overexpressionell Reports 7, 1589–1600, June 12, 2014 ª2014 The Authors 1595
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Figure 4. Dendritic mGluR5 Activity Is Required for MEF2-Driven Increases in Dendritic Arc/Arg3.1 Protein but Not mRNA
(A) Representative confocal images of dissociated WT hippocampal neurons virally transfected with MEF2-VP16-ERtm, treated with or without 4OHT andMPEP,
then immunostained for Arc (red), GFP (green; transfection marker), and MAP2 (dendritic marker; gray). Magnified images of dendrites are shown to the
right. Quantified group data of Arc/MAP2 fluorescence intensity in dendrites and cell soma are shown to the right (n = 30 dendrites/somas per group). Scale
bars, 10 mm.
(B) Representative images of dissociatedWT hippocampal neurons prepared as in (A) but processed for MAP2 immunocytochemistry (blue) followed by FISH for
Arc mRNA (red). Dendrites from each channel and an overlay are shown below each image. Quantified group data of Arc FISH intensity normalized to dendritic
length are shown to the right. Control, n = 80 dendrites; 4OHT, n = 90 dendrites; 4 cultures. Scale bar, 10 mm.
(C) Representative images of Arc andMAP2 immunocytochemistry fromdendrites ofWT neurons grown inmicrofluidic devices and virally transfectedwithMEF2-
VP16-ERtm. MPEP was applied to the perfusion channel (i.e., dendrites) when 4OHT was applied to the cell body compartment (n = 6 microfluidic cultures).
(legend continued on next page)
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alonemay functionally weaken a subset of synapses that is either
not detectable within the variable mEPSC measurements or is
preferentially activated during evoked synaptic transmission
(Ramirez and Kavalali, 2011). Our results also suggest that other
MEF2-regulated transcripts, in addition to Arc, are required to
eliminate excitatory synapses. Recent work found a role for post-
synaptic Arc in activity-dependent, developmental elimination of
CF axons onto Purkinje neurons and observed, as we do in hip-
pocampal neurons, that Arc was necessary, but not sufficient,
for CF axon elimination (Mikuni et al., 2013). Interestingly, elimi-
nation of CF axons also requires mGluR1 (Watanabe and Kano,
2011), suggesting that Gp1 mGluR-regulated translation of Arc
may represent a general mechanism for synapse elimination
across neuron types and brain regions.
The inability of Arc overexpression alone to cause synapse
elimination suggests that MEF2 induces a genetic program of
multiple, distinct mRNAs whose coordinated function is required
to eliminate synapses. For example, Protocadherin 10 (Pcdh10)
is a MEF2-induced mRNA that regulates degradation of PSD-
95, a synaptic scaffolding protein at excitatory synapses (Tsai
et al., 2012) (Figure S4E). PSD-95 degradation is necessary for
endocytosis of synaptic AMPARs in response to activation of
NMDARs (Colledge et al., 2003) and may be a prerequisite for
Arc to stimulate AMPARendocytosis during synapse elimination.
mGluR5 Activity in Dendrites Mediates Synapse
Elimination through Translational Control of Arc
Our data reveal a role for mGluR5 as a dendritic or synaptic
activity ‘‘signal’’ in MEF2-induced synapse elimination and impli-
cate mGluR5 in mTORC1-dependent, dendritic translational
activation of MEF2-induced Arc mRNA. In support of this role,
pharmacological activation of mGluR1/mGluR5 stimulates rapid
translation of Arc in dendrites and synaptoneurosomes (Waung
et al., 2008; Jakkamsetti et al., 2013). Other signaling pathways
such as elongation factor 2 (EF2) phosphorylation (Park et al.,
2008) and dephosphorylation of FMRP (Niere et al., 2012)
may also contribute to mGluR5-regulated Arc translation upon
MEF2 induction. The latter suggests a mechanism for the
known requirement of FMRP in synapse elimination (Pfeiffer
et al., 2010). mGluR5 may also regulate translation of other
MEF2-induced mRNAs, such as Pcdh10, necessary for synapse
elimination (Tsai et al., 2012).
Synapses and/or spines that express mGluR5 or are nearby
mGluR5-expressing synapses may be more susceptible to
MEF2-induced elimination. Supporting this idea, two-photon
glutamate uncaging onto individual dendritic spines of CA1 neu-
rons elicits Gp1 mGluR-dependent Ca2+ transients, weakening
of synaptic transmission, and shrinkage of stimulated spines,
preferentially at large spines that contain an endoplasmic reticu-
lum. Neighboring, unstimulated spines are unaffected (Holbro
et al., 2009; Oh et al., 2013). Ultrastructural studies reveal a het-
erogeneous expression of mGluR5 at cortical excitatory synap-(D) Same as (C), except that MPEP was applied to the soma compartment (n = 8
(E) RT-qPCR for ArcmRNA from the dendritic perfusion channel of WT cultures g
somal compartment was treated with vehicle (0.1% EtOH) or 4OHT; the dendriti
For all cultures, the final drug concentration was 1 mM for 4OHT and 10 mM for
**p < 0.01; ***p < 0.001.
Cses, with some spines expressing mGluR5, and neighboring
spines expressing none (Lujan et al., 1996; Wijetunge et al.,
2008). Furthermore,Arc has been implicated in selective homeo-
static weakening of active cortical synapses (Be´ı¨que et al., 2011;
but see Okuno et al., 2012). Together, these results suggest that
mGluR5-mediated local synthesis of Arc may target a synapse
for elimination. In support of this idea, brain-wide or cortex-
restricted deletion of mGluR5 results in enhanced excitatory
synaptic function and dendritic spines onto layer 4 neocortical
neurons (Ballester-Rosado et al., 2010). We report here that
postsynaptic deletion of mGluR5 in individual CA1 pyramidal
neurons in vivo caused an increase in evoked EPSCs and impli-
cate a cell-autonomous role for mGluR5 in suppression of syn-
apse function or number during development.mGluR-LTD, Synapse Elimination, and Diseases of
Cognition
mGluR5-induced dendritic Arc translation has also been impli-
cated in an acute form of synaptic weakening, LTD (mGluR-
LTD) (Park et al., 2008; Shepherd and Bear, 2011; Waung et al.,
2008), and suggests that mGluR-LTD mechanisms may be
invoked during the process of synapse elimination. Brief (5 min)
pharmacological stimulation of Gp1 mGluRs induces LTD, de-
creases spine volume (Ohet al., 2013;Ramiro-Corte´s and Israely,
2013), and ultimately causes synapse elimination if repeated in
hippocampal slice cultures over days (Shinoda et al., 2010). Syn-
aptic activation of NMDARs and NMDAR-dependent LTD is also
associated with spine shrinkage and synapse elimination (Bastri-
kova et al., 2008; Oh et al., 2013), but the role of NMDAR-LTD in
MEF2-regulated synapse elimination is unknown.
Delineating the mechanisms of synapse elimination has
important implications for cognitive disorders. Loss-of-function
mutations in Fmr1, Mef2c, and their target genes are linked
with intellectual disability, autism, and/or schizophrenia (Novara
et al., 2010; Ferna´ndez et al., 2013). Furthermore, deficits in
MEF2-induced synapse elimination occur in FXS models, which
likely lead to the observed increase in dendritic spine density and
deficits in experience-dependent spine elimination in cortical
neurons (Irwin et al., 2000; Pan et al., 2010). In contrast, excess
or abnormal synapse loss by mGluR5 activation in response to
soluble b-amyloid oligomers has been suggested to occur in
Alzheimer’s disease (Um et al., 2013). Alterations in experience
and activity-dependent synapse elimination in these disorders
would be expected to disrupt the refinement of appropriate syn-
aptic connections during development and in response to
learning, which may contribute to cognitive deficits.EXPERIMENTAL PROCEDURES
All experimental protocols involving mice were performed in accordance with
the guidelines and regulations set forth by the Institutional Animal Care and
Use Committee at The University of Texas Southwestern Medical Center.microfluidic cultures).
rown in microfluidic devices and virally transfected with MEF2-VP16-ERtm. The
c compartment was treated with vehicle (ddH2O) or MPEP (n = 11 cultures).
MPEP; treatments lasted 6 hr. All data are shown as mean ± SEM. *p < 0.05;
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Neural Culture
Organotypic hippocampal slice cultures were made from P6–P7 WT, Arc KO,
or mGluR5 KO mice bred from the congenic C57BL/6CR mouse strain as
described by Pfeiffer et al. (2010). Dissociated hippocampal cultures were pre-
pared from P0–P1 WT and Arc KO mice as described (Tsai et al., 2012). Cul-
tures were biolistically or virally transfected; see Supplemental Experimental
Procedures.
Acute Hippocampal Slice Preparation
Acute hippocampal slices were prepared as described by Jakkamsetti et al.
(2013) from P14–P20 WT or mGluR5fl/fl mice that were intracerebroventricu-
larly injected with AAV-Cre-GFP on embryonic day 15. See Supplemental
Experimental Procedures.
Electrophysiology
Simultaneous whole-cell voltage-clamp recordings were obtained from
transfected and neighboring untransfected neurons (minimum of three
independent slice cultures) under visual guidance using infrared-differential
interference contrast and fluorescence to identify transfected neurons as
described (Pfeiffer and Huber, 2007). Recordings from slice cultures were
made at 30C in a submersion chamber perfused at 3 ml/min with artificial
cerebrospinal fluid (aCSF) containing 119 mM NaCl, 2.5 mM KCl, 26 mM
NaHCO3, 1 mM NaH2PO4, 11 mM D-Glucose, 4 mM CaCl2, 4 mM MgCl2,
0.1 mM picrotoxin, 0.002 mM 2-chloro-adenosine (pH 7.28), 310 mOsm
and saturated with 95% O2/5%CO2. aCSF was supplemented with 1 mM
tetrodotoxin for mEPSC measurements. Whole-cell recording pipettes
(4–6 MU) were filled with intracellular solution containing 0.2 mM EGTA,
130 mM K-gluconate, 6 mM KCl, 3 mM NaCl, 10 mM HEPES, 10 mM sucrose,
4 mM ATP-Mg, 0.4 mM GTP-Na, 14 mM phosphocreatine-Tris (pH 7.2), and
285 mOsm. EPSCs were evoked by a single bipolar electrode placed in the
stratum radiatum of area CA1, 50–100 mm from the recorded neurons with
monophasic current pulses (5–120 mA and 100–200 ms). The stimulation cur-
rent for each slice is adjusted to evoke a 50–100 pA monosynaptic EPSC in
the untransfected neuron of each cell pair. Therefore, due to the variable
stimulation current and placement of the stimulating electrode across slices,
comparisons of evoked EPSC amplitudes are only valid between transfected
and untransfected neurons within the same slice (as in Tables S1–S3), and
comparisons of evoked EPSC amplitudes across slices (animals or drug treat-
ment conditions) are not valid.
For all recordings, input and series resistances were measured in voltage
clamp with a 400 ms, 10 mV step from a 60 mV holding potential (filtered
at 30 kHz, sampled at 50 kHz). Cells were only used for analysis if they
met the following criteria: series resistance <25 MU and stable throughout
the experiment; resting membrane potential <35 mV; input resistance
>75 MU; and evoked EPSC >20 pA (for the untransfected cell). Waveforms
were filtered at 3 kHz, acquired and digitized at 10 kHz on a personal com-
puter using custom software (LabView; National Instruments). Data analysis
was also performed with custom-designed software in LabView (Pfeiffer
and Huber, 2007). mEPSCs were detected offline using an automatic detec-
tion program (Mini Analysis; Synaptosoft) with a detection threshold set at a
value greater than at least 2 SDs of the noise values, followed by a subse-
quent round of visual confirmation. The detection threshold remained
constant for the duration of each experiment. For evoked EPSCs shown in
figures, the stimulation artifact has been digitally removed for clarity. Signifi-
cant differences were determined using a paired t test (for normally distrib-
uted data) or Wilcoxon matched-pairs signed-rank test (for nonnormally
distributed data).
Dendritic Spine Imaging in Live CA1 Neurons
Organotypic slice cultures were prepared as described for electrophysiology
and biolistically transfected at 5–6 DIV with pA1-GFP, which expresses GFP
and a myristoylated form of GFP from two transcriptional start sites to better
fill the dendritic spines (Pfeiffer et al., 2010). Any additional pharmacological
treatment and cotransfection of other constructs are indicated in the text.
Images were acquired 24–48 hr posttransfection using a 633/0.9 N.A.
water-immersion objective mounted on a Zeiss LSM 510 two-photon laser-
scanning microscope equipped with a Chameleon-Ti:Sapphire standard laser1598 Cell Reports 7, 1589–1600, June 12, 2014 ª2014 The Authorsused at an excitation wavelength of 920 nm. z stacks of images (35–100) of
secondary apical dendrites were acquired at 1,024 3 1,024 pixel resolution
(x = y = 0.13 mm, z = 1 mm; Figure 1B) or 2,048 3 2,048 pixel resolution (x =
y = 0.07 mm, z = 0.3 mm; Figures 3B, 3D, and 3F). The difference in image-
acquisition settings explains the spine density differences between control
(GFP only) neurons in Figures 1 and 3 because spine density calculated
from the same dendrite imaged under both low- and high-resolution settings
is significantly different (data not shown). All neurons for Figure 3 were also
transfected with MRE-mCherry; for MEF2-transfected neurons, only cells
that were GFP and mCherry positive were imaged. Dendritic spine density
was quantified using NeuronStudio software (Rodriguez et al., 2006, 2008).
Spine density was determined for each neuron by normalizing the total number
of spines from one to three dendritic regions of interest to the total dendritic
length analyzed for that neuron and expressed as spine density/10 mm. The
average dendritic length imaged was not different between groups defined
within a figure. The n values cited in the legends for Figures 1B, 3B, 3D, and
3F are equal to the number of neurons per group. All experiments were per-
formed with a minimum of three independent slice cultures (litters).
Image acquisition and analysis were performed by an observer blind to
treatment and/or genotype. Statistical significance between groups was
determined with a two-factor ANOVA, with Bonferroni post hoc (Figures 1B
and 3B: factor 1, MEF2 activation; factor 2, drug treatment or genotype), a
Student’s t test (Figure 3D), or one-way ANOVA with Bonferroni post hoc
(Figure 3F).
Immunocytochemistry
Dissociated hippocampal neurons were fixed at 15–16 DIV, and immunocyto-
chemistry was performed as described (Tsai et al., 2012). See Supplemental
Experimental Procedures.
FISH
In situ hybridizations were performed as described (Dictenberg et al., 2008);
sense or scrambled probes were used as negative controls. FISH was per-
formed after MAP2 was stained. See Supplemental Experimental Procedures.
Statistical Analysis
For electrophysiology assays, a paired t test or Wilcoxon matched-pairs
signed-rank test was used depending on whether the data were normally
distributed. For multiple comparisons, a two-way ANOVA and Bonferroni
post hoc test were performed. For RT-qPCR studies, one-sample t tests
were performed. Independent t tests were used for Figures 3D and 4B. A
one-way ANOVA was used for Figure 3F. In all figures, error bars represent
SEM (*p < 0.05, **p < 0.01, and ***p < 0.001).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2014.04.035.
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